Juvenile segmental progeroid syndromes are rare, heterogeneous disorders characterized by signs of premature aging affecting more than one tissue or organ starting in childhood. Hutchinson-Gilford progeria syndrome (HGPS), caused by a recurrent de novo synonymous LMNA mutation resulting in aberrant splicing and generation of a mutant product called progerin, is a prototypical example of such disorders. Here, we performed a joint collaborative study using massively parallel sequencing and targeted Sanger sequencing, aimed at delineating the underlying genetic cause of 14 previously undiagnosed, clinically heterogeneous, non-LMNA-associated juvenile progeroid patients. The molecular diagnosis was achieved in 11 of 14 cases (~ 79%). Furthermore, we firmly establish biallelic mutations in POLR3A as the genetic cause of a recognizable, neonatal, Wiedemann-Rautenstrauch-like progeroid syndrome. Thus, we suggest that POLR3A mutations are causal for a portion of under-diagnosed early-onset segmental progeroid syndromes. We additionally expand the clinical spectrum associated with PYCR1 mutations by showing that they can somewhat resemble HGPS in the first year of life. Moreover, our results lead to clinical reclassification in one single case. Our data emphasize the complex genetic and clinical heterogeneity underlying progeroid disorders.
Introduction
Segmental progeroid syndromes are defined as a heterogeneous group of rare monogenic disorders which prematurely mimic physiological aging by simultaneously affecting multiple organs and tissues (Martin 1978) . The best known form with onset in early childhood is Hutchinson-Gilford progeria syndrome (HGPS). HGPS is caused by a recurrent de novo synonymous alteration c.1824C > T, p.Gly608Gly, in exon 11 of LMNA (De Sandre-Giovannoli et al. 2003; Eriksson et al. 2003) . Around 10% of similarly affected individuals, referred to as atypical HGPS, bear de novo LMNA mutations in the spliceosome recognition site of intron 11 (Gordon et al. 1993) . These mutations result in increased usage of cryptic splice sites leading to an in-frame deletion of 150 nucleotides, and generation of a lamin A precursor lacking 50 amino acids at its C-terminus, termed prelamin AΔ50 1 3 or "progerin" (Eriksson et al. 2003) . In addition to HGPS, other mutations in LMNA have been identified in a number of cases affected by a variety of progeroid symptoms (Chen et al. 2003; Garg et al. 2009; Saha et al. 2010; Soria-Valles et al. 2016) , including cases of late-onset segmental progeroid syndromes bearing heterozygous mutations at the junction of exon 11 and intron 11. Notably, these latter mutations also result in aberrant splicing and production of progerin, however to a lower extent than observed in HGPS (Hisama et al. 2011) .
Mutations in several other genes have also been connected with early-onset segmental progeroid syndromes sharing overlapping phenotypic features with HGPS such as growth retardation, sparse scalp hair, mandibular underdevelopment, thin-appearing and transparent skin with prominent veins, and lipodystrophy. Examples include Cutis Laxa Type IIB with progeroid features caused by biallelic mutations in PYCR1 (Reversade et al. 2009 ), Nestor-Guillermo progeria syndrome caused by biallelic mutations in BANF1 (Puente et al. 2011) , ZMPSTE24-related progeroid cases (Navarro et al. 2014) , Berardinelli-Seip congenital lipodystrophy (Van Maldergem 1993) , mandibular hypoplasia, deafness, progeroid features, and lipodystrophy syndrome (Lessel et al. 2015; Nicolas et al. 2016; Weedon et al. 2013 ), marfanoid-progeroid-lipodystrophy syndrome caused by de novo mutations in FBN1 (Graul-Neumann et al. 2010; Passarge et al. 2016) as well as single cases bearing likely causative mutations in CAV1 (Schrauwen et al. 2015) and POLR3A (Jay et al. 2016) .
Here, we describe results from systematic genetic analysis, including massively parallel sequencing and targeted Sanger sequencing, of 14 children referred either to The Progeria Research Foundation (PRF) or to the Institute of Human Genetics at the University Medical Center HamburgEppendorf, with clinical diagnosis of an early-onset segmental progeroid syndrome in whom direct sequencing of LMNA and ZMPSTE24 gave normal results.
Materials and methods

Human subjects
We investigated 14 individuals who had been referred either to The Progeria Research Foundation (PRF, http://www. proge riare searc h.org) or to the Institute of Human Genetics at the University Medical Center Hamburg-Eppendorf, with clinical diagnosis of a HGPS-like segmental progeroid syndrome, and in whom LMNA and ZMPSTE24 mutations were first excluded. All biological samples and images were obtained following written informed consent from affected individuals or their legal representatives. Lymphoblastoid cell lines (LCLs) of individual 4 and her parents were generated by standard procedures after an informed consent. The study has ongoing approval from the Hasbro Children's Hospital and the University Medical Center Hamburg-Eppendorf Institutional Review Boards. The study was performed in accordance with the Declaration of Helsinki protocols.
Genetic analyses
DNA samples from whole blood were isolated by standard procedures. For candidate gene analysis, namely LMNA, ZMPSTE24, PYCR1 and POLR3A, we performed direct Sanger sequencing. Trio-whole exome sequencing experiments with DNA samples of both healthy parents and the index patients were performed in three different centers with slightly different procedures that have essentially been previously described. In more detail, in families 1-5 exome sequencing targeting ~ 44 Mb of the genome of proband DNAs was performed on exons captured by Roche Nimblegen SeqCap EZ Human Exome Library v2.0 and sequenced using the Illumina HiSeq2500/4000 in the University of Michigan Sequencing Core. Individual DNAs were each run on a single lane using 100-bp paired-end sequencing. The average coverage ranged from 158× to 276×. Exome sequencing of parental DNA samples was performed at the University of Washington Center for Mammalian Genomics on exons captured by Roche Nimblegen SeqCap EZ Human Exome Library v2.0 and sequenced using the Illumina HiSeq2500/4000 as previously described (Chong et al. 2015) . The average coverage ranged from 46× to 57×. In families 6-10, exome sequencing was performed at the Cologne Center for Genomics on two lanes of an Illumina GAIIx Sequencer using a single-read 150-bp protocol after enrichment of exonic and splice-site sequences with the Agilent SureSelect Human All Exon 50 Mb kit as previously described (Lessel et al. 2017) . In families 11-14, only direct sequencing of candidate genes, i.e. PYCR1 or POLR3A, was performed.
Bioinformatic analysis
Variant annotation and bioinformatic filtering was performed using three independent in-house annotation pipelines.
For families 1-5, the exome sequencing data were included in a 734-exome joint call in GATK. After removing variants of low quality [GATK's VQSR, Genotype Quality (GQ) < 20, Read Depth (RD) < 10], we annotated the remaining on-target variants by ANNOVAR. Further filtering was applied to keep (1) the splicing-altering sites, frameshift, nonsense and missense mutations predicted as damaging by Polyphen2 and SIFT, (2) those that are not common (MAF < 1%) in the European subset (n = 514) of the 1000 Genomes Project or in the Exome Sequencing Project (n = 4,300), and (3) not present in more than 5% of the in-house controls (N > 500). These variants were analyzed with a recessive model and a de novo model, with the top candidate genes further filtered to remove those with previous associations with human diseases and/or without OMIM annotations.
For families 6-10, in-house-developed scripts were applied to detect protein changes, affected splice sites and overlaps to known variations, with filtering against dbSNP build 138, the 1000 Genomes Project data build November 2014, ExAC Browser (status from August 2018) and the in-house database of exome variants (with data from > 200 exomes of individuals affected by different disorders). The criteria for a variation to be taken into account were: >6 reads, Phred scaled quality score > 15, population allele frequency < 1%, < 10 times seen in our in-house database and > 15% of the reads supporting the allele.
Candidate variants were validated by Sanger sequencing. For families 11-14, candidate genes, PYCR1 or POLR3A, were analyzed by Sanger sequencing. All primer pairs are available upon request.
RT-PCR analysis
Total RNA was extracted from LCLs of individual 4 and her parents using a Qiagen RNeasy Mini Kit. First-strand cDNA synthesis was carried out using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific), primed with an oligo in exon 31 of POLR3A (5′-TGT GAG CTG CAC CCT ATC AG-3′) following the manufacturer's protocol. The POLR3A cDNA was PCR amplified using primers in POLR3A exons 25 (5′-GAT CAT CAA CGC TTC CAA GG-3′) and 27 (5′-CCT TGG GGA GAT CCT CTT TC-3′). Resulting products were electrophoresed, revealing bands of two sizes (287 bp, 380 bp), which were gel extracted, and subjected to Sanger sequencing. The larger band (380 bp) corresponded to the wild-type POLR3A sequence from exons 25 to 27, including exon 26. The smaller band (287 bp), found only in the proband and the father, corresponded to POLR3A mRNA lacking exon 26.
Results
Case reports
Individual 1
This male proband is the first child of healthy unrelated parents. He has three unaffected siblings. He was born after an uneventful pregnancy at 40 weeks of gestation. His birth weight was 1930 g (− 3.84 SD) with length of 40.5 cm . This boy showed wrist contractures, kyphosis and poor feeding since birth, three natal teeth, and a generalized lipodystrophy. He further had thin-appearing and translucent skin with prominent veins, triangular face with midface retraction, frontal bossing, deep set and closely spaced eyes, low set ears and mandibular underdevelopment. However, he did not have sparse scalp hair ( Fig. 1a ; Table 1 ). Milestones of motor development and language development were unremarkable. Kyphosis improved by the age of 4 years. At clinical evaluation at the age 10 years, a small jaw and low set ears were observed. He had a weight of 25.4 kg (− 1.84 SD) and height of 128.3 cm (− 1.98 SD), still having severe feeding difficulties. His hair was sparse and thin. He had only five teeth. Further, he had global lipodystrophy, prominent veins and a nasal high-pitched voice.
Individual 2
This male proband is the only child of healthy unrelated parents. Pregnancy was complicated by oligohydramnios and frank breech position leading to birth by cesarean section at 32 weeks of gestation with APGAR scores of 7 at 1 min and 9 at 5 min. His birth weight was 935 g (− 2.38 SD), length 36.5 cm (− 2.16 SD), and a borderline occipitofrontal head circumference (OFC) of 26 cm (− 2.32 SD). A patent foramen ovale and large patent ductus arteriosis were observed after birth. In addition, due to pulmonary hypoplasia he received endotracheal intubation and ventilator support during the first few weeks of life. At the clinical evaluation at the age of 1 year and 5 months, he had a triangular face, sparse scalp hair, thin-appearing and translucent skin with prominent veins, frontal bossing, deep set eyes, somewhat low set ears and a mandibular underdevelopment. Moreover, he had bilateral corneal opacities, strabismus and nystagmus, global lipodystrophy, joint hypermobility, and had developed an inguinal hernia ( Fig. 2a ; Table 2 ). All milestones of motor development were delayed: rolling over at 12 months, sitting at 24 months, and walking at 3 years. Language development was significantly delayed as he spoke his first words at the age of 4 years. Clinical evaluation at the age of 3 years revealed the following facial dysmorphisms: frontal bossing, dolichocephaly, prominent occiput, mandibular prognathism (anterior open bite and mandibular overjet), mildly low set ears with right avulsion of pinna, short philtrum and deep set eyes. He had brittle teeth, requiring multiple dental restorations at age 4 years, and some secondary teeth were absent. He developed seizures at the age of 3 years (petit mal and grand mal). A brain MRI, performed at the age of 5 years, revealed mild enlargement of occipital horns with thinning of periventricular white matter. At the age of 6 years, an intracerebral abscess of the frontal lobe was observed. In addition, this boy had thin-appearing, transparent and wrinkled skin with easily visible vasculature. Several eye anomalies including mild optic nerve hypoplasia, small optic nerves, optic atrophy, nystagmus, strabismus, myopia, and dissociated vertical deviation (DVD) were present. He had muscular hypotonia with decreased muscle mass for age, and frequent myalgias. Further, severe pectus excavatum, osteoporosis, arthritis of the left leg, scoliosis, pes planus, advanced bone age, hyperflexibility in limbs and especially small joints (fingers), prominent interphalangeal (IP) joints in the hands, and hallux valgus deformity were documented.
At the age of 8 years, a mildly prolapsed mitral valve was observed. In addition, he had conductive hearing loss and eustachian tube dysfunction (ETD), for which he received pressure equalization (PE) tubes. Moreover, he displayed global lipodystrophy, mild excessive posterior nuchal skin, widely spaced and underdeveloped nipples, and hypoplastic nails. 
Individual 3
This male proband is the first child of healthy unrelated parents. He has a younger unaffected sibling. He was born at 38 weeks of gestation by caesarean section due to in utero cracked ribs, broken femur and wide fontanelles. His birth weight was 2275 g (− 2.37 SD), length was 48 cm (− 1.35 SD) and OFC was 33.7 cm (− 0.86 SD). At birth, he displayed wrist and ankle contractures (bilateral talipes equinovarus/club feet) that were surgically corrected soon after birth resulting in continued normal range of movement. In addition, the boy had no scalp hair, frontal bossing, prominent veins, poor ossification of the calvarium with open fontanelles and wide sutures. Further, he had a blepharophimosis-type appearance with telecanthus and epicanthus inversus with epiblepharon, unusual supraorbital rims that appeared hypoplastic and sloping (Fig. 3a) . Muscular hypotonia characterized the postnatal period. X-ray at 4 months revealed poor ossification of the calvarium with widened sutures and fontanelles. Evidence of an old healed fracture at the junction of the proximal/mid left femoral diaphysis was seen. He underwent surgery for undescended testes at age 12 months. Milestones of motor development were delayed: he sat unaided at 12 months, exhibited bottom shuffling but no crawling at 18 months, and walked at around 2.5 years. Language development was significantly delayed; however, the speech dramatically improved after insertion of ventilation tubes at the age of 3 years. He had a high-pitched voice. First teeth erupted at the age of 18 months. He suffered from osteopenia and recurrent fractures: small fractures in Table 1 Comparison of clinical characteristics of WiedemannRautenstrauch-like, POLR3A-mutated patients presented here, the POLR3A-patient from the previous study (Jay et al. 2016) right elbow at age 6 years and C2 vertebrae at age 8 years.
At clinical evaluation at the age of 9 years, epiblepharon, astigmatism, light sensitivity, blue sclerae, and mandibular underdevelopment with dental crowding were observed. He had a weight of 13.7 kg (− 7.60 SD), a height of 104 cm (− 5.25 SD) and an OFC of 51 cm (− 1.68 SD). He had thin hair, global lipodystrophy, and muscular hypotonia.
Individual 4
This female proband is the second child of healthy unrelated parents. She was born at 34 weeks of gestation by cesarean section for intrauterine growth retardation and non-reassuring fetal heart tracing. Her birth weight was 1160 g (− 2.58 SD), length was 41.5 cm (− 1.41 SD) and OFC was 27.5 cm (− 2.47 SD). Apgars were 7 at 1 min and 8 at 5 min. At delivery, she presented with poor respiratory effort initially that improved after continuous positive airway pressure (CPAP) therapy. In addition, a large patent ductus arteriosus (PDA), mild aortic insufficiency and mild tricuspid valve incompetency were observed. She had a feeding tube placed during the first year of life. At the age of 1 year and 7 months, she had a triangular face, sparse and thin hair, prominent scalp veins, frontal bossing, closely spaced eyes, midface retraction, malformed and low set ears, and mandibular underdevelopment, somewhat mimicking Wiedemann-Rautenstrauch syndrome ( Fig. 1b ; Table 1 ). She had severe knee flexion contracture and less severe bilateral hip flexion contractures that impeded her walking independently in the earlier years. She was walking independently at the age of 5 years wearing a left knee brace. She had speech therapy in pre-school. Cardiac evaluation revealed a mildly eccentric aortic valve and mild left ventricular hypertrophy. She had a Chiari malformation, and received a ventriculoperitoneal shunt for intracranial hypertension. At the age of 5 years she had a weight of 8.3 kg (− 8.32 SD), a height of 87.6 cm (− 5.03 SD) and an OFC of 50.3 cm (− 1.06 SD). At the age of 12 years and 9 months, she exhibited a prematurely aged facial appearance. She still had partial alopecia, severe frontal bossing, a triangular face, small and deep set eyes, an entropion, a beaked nose, dental dysplasia with missing teeth, and mandibular underdevelopment. She had global lipodystrophy, thin arms and legs, and contractures of elbows and knees.
Individual 5
This female proband was referred at the age of 10 months due to a triangular face, sparse scalp hair, thin-appearing and translucent skin with prominent veins, frontal bossing, deep set eyes, somewhat low set ears and mandibular underdevelopment. In addition, she had a generalized lipodystrophy and joint hand contractures (Table 2) . Unfortunately, the contact with the family and the referring physician was later lost. 
Individual 6
This male proband is the second child of healthy consanguineous parents who are first cousins. His older brother is unaffected. He was born after an uneventful pregnancy at 40 weeks of gestation. Birth weight was 2550 g (− 2.44 SD), head circumference was 33 cm (− 2.00 SD), and length was not available. (Table 2) .
Individual 7
This male proband is the second child of healthy consanguineous parents who are first cousins. His older sibling was unaffected. He was born at 34 weeks of gestation with a birth weight of 900 g (− 3.39 SD), length of 37 cm (− 3.17 SD) and OFC of 26 cm (− 3.65 SD). He had respiratory problems in the first weeks of life and suffered from poor feeding since birth. Brain MRI, performed at the age of 8 months, revealed a prominent supratentorial ventricular system and agenesis of the corpus callosum. At the age of 1 year, he had a triangular face with a broad appearing cranium, midface retraction and relatively small facial bones, sparse scalp hair, thin-appearing and translucent skin with prominent veins, frontal bossing, deep set eyes, low set ears, a small mandible and lipoatrophy ( Fig. 2b ; Table 2 ). He started walking independently at age 3 years and spoke his first words by age 3.5 years. At 3.5 years of age he still suffered from a poor growth with a weight of 11 kg (− 2.52 SD) and height of 90 cm (− 2.49 SD), despite nutritional supplements (PediaSure ® ).
Individual 8
This male proband is the second child of healthy unrelated parents. His younger sibling is unaffected. He was born after an uneventful pregnancy at 40 weeks of gestation. His birth weight was 2800 g (− 1.87 SD) and length was 50 cm (− 1.09 SD). At birth, he presented with prominent scalp veins, prominent ears, small facial bones, generalized skin mottling and lipodystrophy. In addition, he had two ulcers on the scalp at birth. At the age of 9 months X-ray showed advanced bone age of 1.8 years. Chest ultrasound showed a patent foramen ovale. His psychomotor development was normal. By the age of 2 years he developed bilateral cataracts. At the age of 3 years, he had a triangular face with sparse scalp hair and prominent scalp veins, and mandibular underdevelopment. He still had generalized skin mottling, lipodystrophy, and poor weight gain (Fig. 3b) . His weight was 10 kg (− 2.98 SD) and height was 87 cm (− 2.45 SD).
Individual 9
This proband is the first child of healthy unrelated parents. He was born after an uneventful pregnancy at 39 weeks of gestation. His birth weight was 3000 g (− 1.17 SD) and length was 48 cm (− 1.7 SD). His early development was unremarkable. He developed scleroderma-like skin changes by the age of 1 year. At the examination at 13 years and 7 months he had a height of 161 cm (+ 0.51 SD), weight of 38 kg (− 1.4 SD) and OFC of 54.3 cm (− 0.46 SD). He had hypertelorism, delimited nose wings, mandibular underdevelopment, scoliosis, delayed bone age, multiple muscle contractures (elbow, hands and feet), and generalized progressive muscular atrophy (Fig. 3c) . CK was normal. X-ray of his calf revealed diminished muscles with multiple calcifications. Muscle biopsy showed phagocytosis with inflammation of some muscle fibers, unequal muscle fibers, and blood vessels with slightly thick walls, likely due to fibrosis in the perimysium. His skin was tight and he still had scleroderma-like skin changes. In addition, he had generalized lipodystrophy. Total blood cholesterol was 150 mg/dL, while he had low HDL of 24 mg/dL and high triglycerides of 370 mg/dL. Glucidic metabolism and glycated hemoglobin were normal. Moreover, acanthosis nigricans in the axillar and inguinal area, as well as on the flexion surface of the elbow and knee was observed. In addition, the skin was very thick in the axillar and inguinal area.
Individual 10
This male proband is the first child of healthy unrelated parents. Pregnancy was complicated by oligohydramnios and intrauterine growth retardation starting at 30 weeks of gestation. He was born after 38 weeks of gestation. His birth weight was 2300 g (− 2.32 SD), length was 43 cm (− 3.52 SD) and OFC was 32 cm (− 2.07 SD). At birth, he presented with plagiocephaly, frontal bossing, a sharp nasal tip, anteverted nostrils, micrognathia, generalized lipoatrophy, and transparent skin with prominent veins. At the clinical evaluation at 9 months of age, his weight was 7 kg (− 1.89 SD), height was 70 cm (− 0.95 SD) and OFC was 42 cm (− 3.14 SD). He still had craniofacial abnormalities, generalized lipoatrophy, with tight and transparent skin and prominent veins. Cranial ultrasound revealed a choroid plexus cyst, a subependymal cyst and microcalcifications in the thalamo-caudate region. Extensive metabolic analyses gave normal results, apart from low HDL (32 mg/dL) and high total triglycerides (162.6 mg/dL). Several milestones were normal: he sat at age of 6 months, crawled at 9 months, and walked independently at age 1 year 3 months. However, at the clinical examination at 2 years, he had an intellectual disability with no speech, and a hyperkinetic movement disorder. His weight was 11 kg (− 0.69 SD), height was 86 cm (0.08 SD) and OFC was 47 cm (− 1.72 SD). He had a triangular facial gestalt, tight skin, sparse scalp hair, generalized lipoatrophy, muscular atrophy and joint hypermobility. At the last available clinical evaluation at 2 years and 9 months of age, his weight was 11.7 kg (− 1.39 SD) and OFC was 48.5 cm (− 1.61 SD). He had transparent, lax and thin-appearing skin, with visible veins especially on his head and extremities. In addition, he had wrinkled skin on his hands. Moreover, he had joint hypermobility which affected his movements, and generalized lipodystrophy (Table 2) . His gait was unsteady, with external rotated legs for better stability, and with flat feet. He had myopia. He spoke only single short syllables. Movements were hyperkinetic, and he displayed hand automatisms, taking objects to his mouth and touching them with his tongue.
Individual 11
This female proband is the only child of healthy unrelated parents. Prenatal ultrasound gave normal results in the first and second trimesters. However, ultrasound in the last trimester revealed a Dandy-Walker malformation, brachycephaly, a nasal bridge hypoplasia, and severe intrauterine growth retardation. Prenatal karyotype after amniocentesis at 28 weeks gave normal results, 46, XX. She was born at 37 weeks of gestation. Her weight was 1460 g (− 3.48 SD) and length was 43 cm (− 2.71). At birth, she had a triangular face, sparse scalp hair, frontal bossing, thin-appearing skin with prominent scalp veins, closely spaced eyes, midface retraction, low set ears, mandibular underdevelopment and generalized lipoatrophy ( Fig. 1c ; Table 1 ). In addition, she had a patent ductus arteriosus and mild renal pelvic ectasia. Due to low birth weight and severe tachypnea, she remained hospitalized for 6 weeks. She had a slow weight gain despite hyper-caloric nutritional supplements. All early milestones of motor development were unremarkable: rolling over at 6 months, sitting at 8 months, crawling at 9 months. She started babbling at 11 months. Brain MRI revealed agenesis of corpus callosum. At the clinical examination at 11 months of age, her weight was 3.6 kg (− 6.22 SD), height was 57 cm (− 5.99 SD) and OFC was 40 cm (− 5.11). She had trigonocephaly and brachycephaly, sparse scalp hair, low set ears with dysplastic auricular pavilions with bilateral grade 1 microtia, hypertelorism, marked enophthalmos, lagophthalmos and bilateral ectropion with blepharospasm resulting in incomplete closure of the eyes, midface retraction, a depressed and wide nasal bridge, hypoplastic nasal wings, mandibular underdevelopment, and a short neck. In addition, she had hypoplastic nipples, a small umbilical hernia, and generalized muscular atrophy.
Individual 12
This male proband is the only child of healthy unrelated parents. He was born at 38 weeks of gestation. His birth weight was 2300 g (− 2.32 SD) and length was 47 cm (− 1.78 SD). At birth, he presented with an inguinal hernia that was remedied by surgery. In addition, he presented with frontal bossing, a sharp nasal tip, anteverted nostrils, micrognathia, generalized lipodystrophy, and transparent skin with prominent veins. He sat independently at age 6 months, crawled at age 7 months, walked independently at age 1 year 9 months. At the clinical evaluation at 1 year and 8 months of age, his weight was 9.1 kg (− 2.04 SD), height was 79 cm (− 1.76 SD) and OFC was 46.5 cm (− 1.99 SD). He had a triangular facial gestalt, tight skin, sparse scalp hair, generalized lipodystrophy, muscular atrophy and joint hypermobility. At the last available clinical evaluation at 2 years and 2 months of age, his weight was 12 kg (− 0.52 SD), height 85 cm (− 1.35 SD) and OFC of 48.5 cm (− 1.12 SD). He still had thinappearing and transparent skin, especially on the extremities, and developed wrinkled skin on his abdomen and hands (Table 2) . He displayed a retraction of the sternum due to thoracic laxity that was accentuated by respiratory movements. He spoke only a few words but understood orders well. In addition, he is a hyperkinetic child.
Individual 13
This female proband is the only child of unrelated parents. Pregnancy was complicated by oligohydramnios and intrauterine growth retardation. She was born at 32 weeks of gestation. Her weight was 1400 g (− 0.98 SD), length was 42 cm (− 0.18 SD) and OFC was 28 cm (− 0.95 SD). She remained hospitalized until she reached 2000 g. She had an aged appearance with a triangular facial gestalt, sparse hair, pinched nose, hypoplastic alae nasi, sunken in eyes with lack of periorbital fat tissue, mandibular underdevelopment, thin-appearing and transparent skin with prominent veins, thin limbs distally, and the fat pads on her gluteal region and thighs were spared but saggy. Fingers exhibited mild contracture, with the thumbs overlapping the palms, and the 2nd and 5th digits overlapping the 3rd. Brain MRI revealed agenesis of the corpus callosum. Upon last available clinical evaluation at 13 months of age, her weight was 6 kg (− 3.79 SD), height was 75 cm (− 0.95 SD) and OFC was 42 cm (− 4.50 SD). She had a triangular face with broad forehead, protruding ears, and hypotelorism. Her skin was thin-appearing, atrophic, transparent, and wrinkled on distal extremities with sparse, thin scalp hair ( Fig. 2c ; Table 2 ). The muscles were atrophic and the joint hypermobile. Extensive metabolic analyses gave normal results. Her mother died following breast cancer, thus a maternal DNA sample was unavailable for genetic testing.
Individual 14
This male proband is the fourth child of healthy consanguineous parents who are second cousins. Pregnancy was complicated by breech presentation and premature rupture of membranes. He was born at 34 weeks of gestation. His weight was 1700 g (− 1.51 SD), length was 36.5 cm (− 3.34 SD) and OFC was 30 cm (− 1.29 SD). He remained hospitalized for 8 days due low birth weight, hyperbilirubinemia, mild renal pyelectasis, umbilical hernia and an inguinoscrotal hernia. At last available clinical evaluation at 9 months of age, his weight was 4.3 kg (− 5.04 SD), height was 56 cm (− 6.03 SD) and OFC was 38 cm (− 6.94 SD). He had muscular hypotonia and an overall aged appearance with triangular face, sparse and fine hair, sunken in eyes, posteriorly rotated and low ears, thin lips, micrognathia, joint hypermobility and generalized lipodystrophy. His skin was thin appearing and transparent with prominent veins, wrinkled on the neck, trunk and especially pronounced on extremities ( Fig. 2d ; Table 2 ). Moreover, he had a linear sclerodermatous plaque skin over the proximal right thigh. His thumbs overlapped his palms, and his 3rd and 5th digits overlapped his 4th digit. His scrotum was hypoplasic. Moreover, brain MRI revealed agenesis of corpus callosum. Ultrasound further revealed mild aortic and pulmonary artery dilatation, and bilateral dysplasia of the hip. He suffered from poor feeding, and had moderate myopia (− 5.5 D).
Genetic analyses
Identification of biallelic PYCR1 mutations
Trio-whole exome sequencing (trio-WES), followed by bioinformatic filtering for biallelic variants in genes previously connected to well-established progeroid syndromes, identified in more than one individual, revealed likely pathogenic biallelic mutations in PYCR1 in five individuals. In individual 2, we identified compound heterozygosity for a paternally inherited splice donor alteration c.633 + 1G > C, and maternally inherited c.535G > A, p.(Ala179Thr). Individual 5 bears a paternally inherited c.213_214delGC, leading to a frameshift mutation p.(Lys71Asnfs*10), and maternally inherited c.356G > A, resulting in a missense alteration p.(Arg119His). Individual 6 bears homozygosity for c.355C > T, resulting in a missense alteration affecting the identical amino acid as in individual 5, p.(Arg119Cys). Individual 7 bears a homozygous 2-bp insertion c.219_220insAC, resulting in a frameshift mutation p.(Ile74Thrfs*10). Finally, individual 10 bears compound heterozygosity for the paternally inherited 2-bp insertion c.219_220insAC, resulting in a frameshift mutation p.(Ile74Thrfs*10), identical to the insertion identified in individual 7, and a maternally inherited c.938G > T, resulting in a missense alteration p. (Arg313Leu) . Notably, the majority of these mutations have already been described in PYCR1-associated pathologies (p.(Arg119His), p.(Arg119Cys), c.633 + 1G > C and p. (Ala179Thr)) (Dimopoulou et al. 2013; Reversade et al. 2009 ), or result in a recurrent frameshift mutation (c.219_220insAC, p.(Ile74Thrfs*10)). Thus, there is a strong evidence for the pathogenicity of these mutations. The pathogenicity is not that clear for the missense alteration (p. (Arg313Leu)) that has not been found in dbSNP, 1000 Genomes, the ExAC or the gnomAD browser, is predicted to result in decreased PYCR1 stability (Table 4 ) and affects only a single PYCR1 isoform (ENST00000337943.9). We have, therefore, further evaluated all rare variants identified in individual 10 by trio-WES that was performed with sufficient coverage. Approximately, 94% of target sequences were covered at least 20-fold with a mean coverage of about 100×. Bioinformatic filtering for a rare candidate variant (minor allele frequency MAF < 0.02) did not identify any de novo variants nor variants following the X-linked recessive mode of inheritance, but only compound heterozygosity for two variants in DNER, a gene so far not connected to a human disease; namely a paternally inherited c.762T > A, resulting in missense alteration p.Asp254Glu, and a maternally inherited c.121C > T, resulting in missense alteration p.Pro41Ser (Supplementary Table 1 ). However, as both DNER variants have been deposited in the gnomAD browser in a homozygous state, we highly doubt their causality.
Identification of biallelic mutations in POLR3A in two individuals
In a further step, we searched for alterations in genes that have been previously connected to progeroid syndromes in single cases. This strategy revealed biallelic mutations in POLR3A (Jay et al. 2016) in individuals 1 and 4. Individual 1 bears compound heterozygosity for two variants within the splice acceptor site of intron 25, a paternally inherited c.3337-5T > A and a maternally inherited c.3337-1G > A. Individual 4 also bears compound heterozygosity, namely a maternally inherited c.760C > T, resulting in a nonsense mutation p.(Arg254*) and a paternally inherited c.3337-5T > A; the latter is notably the identical variant as also identified in individual 1. None of these variants were found in dbSNP, 1000 Genomes, the ExAC or the gnomAD browser in the homozygous state and the heterozygous carriers were extremely rare ( org/seq_tools /splic e.html); namely this prediction tool suggests that the c.3337-1G > A completely abolishes the splice acceptor site, whereas c.3337-5T > A results in a weaker splice acceptor site with a score of 0.32 compared to a score of 0.79 that is assigned to the wild-type sequence. To test for the predicted splicing defect for the variant c.3337-5T > A, we performed RT-PCR analysis and Sanger sequencing with RNA obtained from LCLs of the individual 4 and his parents. This analysis revealed that the c.3337-5T > A indeed resulted in an alternate splice form in which POLR3A exon 26 was skipped. The mutation and exon skipping was found in both the proband and his father, but was absent in his mother (Fig. 4) .
Other mutations and genetic heterogeneity of juvenile progeroid syndromes
Given that analysis of trio-WES data revealed no likely pathogenic variant in known progeroid genes in four individuals, we searched for rare candidate variants (minor allele frequency MAF < 0.005) following an autosomal recessive or X-linked recessive mode of inheritance, as well as those that might have arisen at de novo. Individual 3 was found to have a de novo heterozygous mutation in COL1A1 c.64G > C, p.(Gly22Arg). Mutations in this gene are well known to cause osteogenesis imperfecta (OI) (Byers 1989) and some cases of Ehlers-Danlos syndrome (EDSARTH1) (Byers et al. 1997) . The variant in individual 3 has been reported twice in the OI mutation database (http://www.le.ac.uk/genet ics/colla gen/). Both reports are from infants with OI type II, one of which was previously reported in the literature (Pollitt et al. 2006) .
In individual 8, no de novo variant nor variants following autosomal recessive or X-linked mode of inheritance were identified.
In individual 9, bioinformatic filtering did not detect rare candidate variants following an autosomal recessive or X-linked recessive mode of inheritance. However, we identified a single non-annotated, de novo sequence change c.2763A > C, resulting in a missense alteration p. (Lys921Asn) in SMC2. To the best of our knowledge, mutations in SMC2 have so far not been connected to any human disease. Given the previous link between genomic instability and segmental progeroid syndromes (Lessel et al. 2014; Yamagata et al. 1998) , SMC2 constitutes an interesting candidate gene for this progeroid disorder. However, as the identified amino acid substitution has a rather low Phred scaled CADD (v1.3) score of 16.95 (for de novo mutations), and is predicted to be "benign" by PolyPhen-2 and tolerated by SIFT (Table 4) , we were reluctant at this point to perform functional analysis without identifying an additional patient with similar genotype and phenotype to elucidate the causality of this variant. Identification of additional POLR3A and PYCR1 cases After performing trio-WES analyses in the above-mentioned ten cases, four additional cases were referred with the putative clinical diagnosis of a juvenile progeroid syndrome. One of these cases, proband 11, highly resembled both probands 1 and 4 (Fig. 1) , and the previously published Wiedemann-Rautenstrauch-like case (Jay et al. 2016) . For this reason, we performed Sanger sequencing of all coding exons and the exon-intron boundaries of POLR3A using genomic DNA of the affected individual and her parents. However, we were only able to identify a single heterozygous alteration in this proband, namely a start loss mutation, c.3G > T, p. (Met1Ile), that was transmitted from the father. Due to the remarkable clinical similarities to the other two patients bearing biallelic mutations in POLR3A, we speculate that the second, maternal mutation, is either a deep intronic one, a copy-number variant (CNV), a balanced translocation or even affects a regulatory region of POLR3A.
The other three individuals, 12, 13 and 14, all presented with intrauterine growth retardation, triangular facial gestalt, sparse scalp hair, mandibular underdevelopment, thin-appearing and transparent skin with prominent veins, generalized lipodystrophy and joint hypermobility in the first year of life. Thus, we hypothesized that they may bear pathogenic PYCR1 mutations. Indeed, this was confirmed by Sanger sequencing. Individual 12 bears a paternally inherited c.219_220insAC, p.(Ile74Thrfs*10). Notably, this is the identical frameshift mutation that we identified in individuals 7 and 10. In addition, he bears a maternally inherited c.772G > C, p.Val258Leu, that has been reported previously (Dimopoulou et al. 2013) . Individual 13 bears a paternally inherited c.797 + 2_5delTGGG, and a likely maternally inherited c.540 + 1G > A, both of which have been reported previously (Dimopoulou et al. 2013; Reversade et al. 2009 ). We were unable to confirm that the second mutation was maternally inherited, as the mother deceased; however, this alteration was not identified in paternal DNA. Individual 14 bears a homozygous alteration c.769G > A, resulting in a missense mutation p.(Ala257Thr), and each of the parents is a heterozygous carrier. Again, the identical mutation has already been connected to PYCR1 pathologies before (Reversade et al. 2009 ).
Discussion
Juvenile progeroid syndromes constitute a group of diseases characterized by clinical signs of premature aging starting in childhood. The best known and most extensively studied example of such diseases is Hutchinson-Gilford progeria syndrome (HGPS) (De Sandre-Giovannoli et al. 2003; Eriksson et al. 2003; Gordon et al. 1993 ). Next-generation sequencing (NGS) is a powerful tool for delineating the genetic basis of monogenic diseases, including both the identification of novel disease genes and revealing the heterogeneous nature of Mendelian conditions. Given the rarity of these conditions, concerted efforts of open sharing NGS data from multiple groups are of utmost importance to dissect their genetic nature. Moreover, NGS-based studies have revealed several novel progeroid genes (Lessel et al. 2014 (Lessel et al. , 2017 Puente et al. 2011 ). However, a full understanding of the genetic and clinical heterogeneity of juvenile progeroid syndromes is still lacking and the genetic cause of some of these syndromes, such as Wiedemann-Rautenstrauch syndrome (WRS), still remain largely unknown. Here, we present our joint collaborative efforts in the form of an extensive study of previously unclassified children affected by progeroid syndromes aimed at dissecting the genetic bases of their conditions. We, however, note that although all 14 studied cases were affected by an early-onset progeroid syndrome there was a considerable degree of clinical heterogeneity between them (Supplementary Table 2 ).
WRS, first described in 1977 by Rautenstrauch and Snigula (Rautenstrauch and Snigula 1977) , has been suggested to constitute a syndrome characterized by neonatal progeroid features, including intrauterine growth retardation with subsequent failure to thrive, characteristic progeroid facial features, lipodystrophy and global developmental delay. Since the first description of two affected sisters which pointed to an autosomal recessive inheritance of the underlying genetic cause, more than 50 individuals have been clinically classified as WRS although with a huge phenotypic variability, as recently reviewed by Paolacci et al. (Paolacci et al. 2017) . Despite tremendous progress in unravelling the genetics of several Mendelian disorders, which is mostly attributable to the rapid development of new technologies, the underlying genetic cause of WRS has still not been established yet. The latter is likely due to remarkable clinical heterogeneity of the documented cases. However, a recent study identified compound heterozygosity for two null mutations in POLR3A in a single WRS-like individual (Jay et al. 2016) . Here, we identified two patients (individuals 1 and 4) with strikingly similar clinical characteristics and facial features to the published case which also bear compound heterozygosity for two POLR3A null mutations. Moreover, we report on another patient with comparable clinical characteristics and a remarkably similar facial gestalt. In this patient (individual 11), using direct Sanger sequencing of all coding exons and the exon-intron boundaries of POLR3A, only a single, paternally inherited, heterozygous mutation was identified. However, due to the remarkable similarities both to the previously published patient (Jay et al. 2016) and individuals 1 and 4 ( Fig. 1; Table 1 ), we conjecture that the second, maternally inherited mutation, lies either within deep intronic or even regulatory regions of POLR3A, or might be a copy-number variant comprising more than a single exon or even a balanced translocation. Notably, the other WRS-like patients bear a pathogenic intronic variant at positions that do not commonly lead to aberrant splicing, namely c.1909 + 18G > A and c.3337-5T > A. Thus, deep intronic and regulatory variants that are usually not covered by WES analysis might explain why POLR3A has not previously been established as the underlying genetic cause of some WRS-like conditions. From the clinical perspective, the previously reported WRS-like POLR3A patient died at 7 months of age following respiratory complications (Jay et al. 2016) . Noteworthy, two of the WRS-like patients presented here (4 and 11) also had severe respiratory problems, especially in the perinatal period. However, they both survived beyond the first year of life, and individual 4 actually reached 13 years of age at study closure, suggesting that this is not a uniformly early lethal condition. Notably, while this manuscript was under review a further study independently confirmed biallelic POLR3A mutations, most of which were intronic ones, as the cause of the WRS-like condition (Paolacci et al. 2018) . Taken together, POLR3A mutations following an autosomal recessive mode of inheritance are now firmly established as the genetic cause of a recognizable WRS-like syndrome.
Notably, biallelic mutations in POLR3A are known to cause the 4H leukodystrophy syndrome (hypomyelination, hypogonadotropic hypogonadism and hypodontia). The condition is characterized by early-onset ataxia, delayed dentition, hypomyelination, and hypogonadotropic hypogonadism (Bernard et al. 2011 ). However, concerning the age of onset and progression of neurologic symptoms, 4H leukodystrophy is characterized by both high inter-and intra-familial variability (Wolf et al. 2014) . Compared to the POLR3A-associated WRS-like condition, none of the 4H leukodystrophy patients bear biallelic truncating mutations, e.g. all bear at least one missense mutation (Jay et al. 2016; Wolf et al. 2014) . The latter may explain both the earlier, neonatal onset of the WRS-like condition as well as the more pronounced growth retardation and lipodystrophy, distinct facial anomalies and congenital respiratory complications, as previously suggested (Jay et al. 2016; Paolacci et al. 2017) . On the other hand, given that both entities are characterized by neurologic dysfunction and dental anomalies, POLR3A-associated WRS-like condition may be regarded as the extreme form of the 4H leukodystrophy.
Recessive mutations in PYCR1 were initially associated with Cutis Laxa Type IIB with progeroid features (Reversade et al. 2009 ). However, further descriptions of patients bearing biallelic PYCR1 mutations in a large genotype-phenotype correlation study revealed a remarkable clinical heterogeneity and phenotypic continuum ranging from isolated wrinkly skin syndromes, gerodermia osteodysplastica, De Barsy syndrome to even patients classified as Hallermann-Streiff-like neonatal progeroid syndromes (Dimopoulou et al. 2013) . Our initial trio-WES analysis of ten patients clinically classified as having a HGPS-like juvenile progeroid syndrome unexpectedly revealed biallelic PYCR1 mutations in 50% of probands (five cases). Notably, all of these cases did share some clinical characteristics with HGPS, albeit only in the first few years of life; namely all displayed triangular facial gestalt, sparse scalp hair, thin-appearing and translucent skin with prominent veins, mandibular underdevelopment and lipodystrophy. However, in contrast to HGPS, they displayed intrauterine growth retardation and later developed mild to moderate global developmental delay (GDD), and had various brain anomalies (Table 1) . Importantly, in comparison with HGPS cases, which have a progressive and early fatal course of disease, progeroid and neurodevelopmental features of PYCR1, patients actually improve with time. This important clinical finding has already been documented in the literature (Dimopoulou et al. 2013) .
It was previously reported that PYCR1-related disorders are difficult to diagnose based on the huge clinical heterogeneity. However, the findings in these five patients suggested that in some cases PYCR1 mutations might result in a clinically recognizable progeroid syndrome. This hypothesis is further supported by findings in three further patients (individuals 12, 13 and 14) in whom, based on the abovementioned clinical findings, we speculated the existence of biallelic PYCR1 mutations as their underlying genetic cause and then confirmed this by direct Sanger sequencing. Although the clinical manifestations in the eight PYCR1-mutated individuals presented here are highly similar to the previous studies (Table 3) , it is somewhat striking that only 14% of patients presented here developed wrinkled skin before 1 year of age, and one individual (individual 7) actually never presented this clinical sign. This is in contrast to both the findings in the initial PYCR1 mutation description leading to the classification of the disease as autosomal recessive cutis laxa (ARCL) (Reversade et al. 2009 ) and the large genotype-phenotype study (Dimopoulou et al. 2013) , in whom all of the 68 presented patients had wrinkled skin. Notably, these data suggest that the genetic analysis of PYCR1 should be extended to all patients with unclassified juvenile segmental progeroid syndromes even if wrinkled skin is not present.
Regarding the spectrum of PYCR1 mutations, we identified two individuals bearing amino acid substitutions of the arginine at the position 119, p.(Arg119His) and p.(Arg119Cys). As substitutions of this arginine have previously been described in eight individuals (Dimopoulou et al. 2013; Reversade et al. 2009 ), including p.(Arg119Gly), our data further suggest that this arginine is a hot spot PYCR1 amino acid. Moreover, we identified a recurrent 2-bp insertion c.219_220insAC, resulting in a frameshift mutation p.(Ile74Thrfs*10) in three individuals. Interestingly, proband 7 bearing this frameshift mutation in the homozygous state was the most severely affected PYCR1 patient in our case series. However, the exact PYCR1 genotype-phenotype correlation still remains unknown (Dimopoulou et al. 2013) . One explanation could be that some of the individuals documented in the literature, in addition to mutations in PYCR1, bear a further distinct genetic factor, likely in the genome region that is not covered by WES, which results in the somewhat different clinical outcome.
Interestingly, our trio-WES analysis identified a de novo mutation in COL1A1 in individual 3. The identical mutation was previously documented in the OI mutation database in two further infants with OI type II, a commonly perinatal lethal syndrome (Marini and Smith 2000; Van Dijk and Sillence 2014) . Although, detailed clinical data on these two infants are not available, it is worth noting that individual 3 in our study survived beyond the ninth birthday. Moreover, in addition to common OI features such as intrauterine growth retardation, multiple prenatal and postnatal fractures, and blue sclerae, he additionally displayed several features not commonly observed in OI type II. The latter include multiple contractures of the large joints, global developmental delay, global lipodystrophy, blepharophimosis, sparse and thin hair, and mandibular underdevelopment (Van Dijk and Sillence 2014). Therefore, we cannot completely exclude the possibility that individual 3, in addition to the mutation in COL1A1, bears a further distinct genetic or epigenetic factor resulting in a somewhat different clinical outcome from the previously documented individuals. A further intriguing possibility is that individual 3 is actually a mosaic for the COL1A1 mutation. However, as further tissues from this individual were not available we were not able to further investigate this possibility. Importantly, even using trio-WES analysis performed according to high standards, sufficient coverage and expert bioinformatic analysis, the study did not lead to a definitive molecular diagnosis in two individuals (individuals 8 and 9). In individual 8, we did not identify a single candidate rare variant, whereas in individual 9 a potential novel candidate gene, SMC2, was identified. However, bioinformatic predictions do not provide evidence for the pathogenicity of the latter (Table 4) . Interestingly, both individuals, although not displaying identical clinical signs and symptoms, are affected by a progeroid lipodystrophy somewhat mimicking mandibular hypoplasia, deafness, progeroid features, and lipodystrophy syndrome, marfanoid-progeroid-lipodystrophy syndrome and Berardinelli-Seip congenital lipodystrophy (Table 5) . Taken together, these data further emphasize genetic heterogeneity of progeroid syndromes suggesting the existence of further, yet uncovered, progeroid loci. Moreover, these data underscore the utility of whole-genome sequencing to delineate the underlying genetic cause of some progeroid cases. Thus, elucidation of the genetic cause in these two patients as well as delineating novel progeroid loci will require further work and will be the main focus of our future studies.
In conclusion, due to our joint collaborative efforts a molecular diagnosis was achieved in 11/14 (~ 79%) of Table 5 Comparison of clinical characteristics of individuals 8 and 9 to mandibular hypoplasia, deafness, progeroid features, and lipodystrophy syndrome (MDPL, Lessel et al. 2015) , marfanoid-progeroid-lipodystrophy syndrome (MPLS, Passarge et al. 2016) Hypertrophic cardiomyopathy previously undiagnosed progeroid patients. Our data confirm biallelic mutations in POLR3A as the genetic cause of a recognizable, neonatal, Wiedemann-Rautenstrauch-like progeroid syndrome, and suggest that the genetic analysis of POLR3A should be performed in WRS-like patients. Furthermore, our data further expand the clinical spectrum associated with PYCR1 mutations and suggest the clinical criteria for early diagnosis of this condition. Last but not least, speculation based on our data suggests the existence of further genetic loci for early-onset progeroid conditions that may be solved by application of whole-genome sequencing.
